Phosphoinositides (PIs) as regulatory membrane lipids play essential roles in multiple 31 cellular processes. Although the exact molecular targets of PIs-dependent modulation 32 remain largely elusive, the effects of disturbed PIs metabolism could be employed to 33 propose regulatory modules associated with particular downstream targets of PIs. 34 Here, we identified the role of GRAIN NUMBER AND PLANT HEIGHT 1 (GH1), 35 which encodes a suppressor of actin (SAC) domain-containing phosphatase with 36 unknown function in rice. Endoplasmic reticulum-localized GH1 specifically 37 dephosphorylated and hydrolyzed phosphatidylinositol 4-phosphate (PI4P) and 38 phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2]. Inactivation of GH1 resulted in 39 massive accumulation of both PI4P and PI(4,5)P2, while excessive GH1 caused their 40 depletion. Notably, superabundant PI4P and PI(4,5)P2 could both disrupt actin 41 cytoskeleton organization and suppress cell elongation. Interestingly, both PI4P and 42 PI(4,5)P2 inhibited actin-related proteins 2 and 3 (Arp2/3) complex-nucleated actin 43 branching networks in vitro, whereas PI(4,5)P2 showed more dramatic effect in a 44 dose-dependent manner. Overall, the overaccumulation of PI(4,5)P2 resulted from 45 dysfunction of SAC phosphatase possibly perturbs Arp2/3 complex-mediated actin 46 polymerization, thereby disordering the cell development. These findings imply that 47 Arp2/3 complex might be the potential molecular target of PI(4,5)P2-dependent 48 modulation in eukaryotes, thereby providing new insights into the relationship 49 between PIs homeostasis and plants growth and development. 50 51 Phosphoinositides (PIs) as a minor component of cell membranes and phosphorylated 52 derivatives of phosphatidylinositol are known to liberate the second messengers, 53 inositol 1,4,5-triphosphate and diacylglycerol in response to activation of cell surface 54 receptors (Boss and Im, 2012). Nevertheless, emerging evidence suggests that PIs also 55 play crucial roles as signaling molecules, functioning as regulatory lipids in various 56 fundamental cellular processes (Heilmann, 2016). A new detection approach further 57 confirmed that phosphatidylinositol 4-phosphate (PI4P) and phosphatidylinositol 58 4,5-bisphosphate [PI(4,5)P2] are the most abundant PIs in the cells (Balla, 2013; 59 Kielkowska et al., 2014). PI4P is phosphorylated by phosphatidylinositol phosphate 60 kinases, resulting in the production of PI(4,5)P2, while conversely PI(4,5)P2 is 61 dephosphorylated by PI phosphatases to generate PI4P, supporting the hypothesis that 62 turnover and dynamic formation of PIs is necessary for plant development (Gerth et 63 al., 2017).
substrate specificity and subcellular localization (Hsu and Mao, 2013) . Nevertheless, 148 the specific functions of SAC phosphatase in crops remain largely unknown. Thus, to 149 elucidate the phosphatase activity and substrate specificity of GH1, GH1 GC and 150 GH1 CB fusion proteins from Sf9 insect cells were purified for in vitro phosphatase 151 activity assay. Malachite green phosphate assay was then used to determine the 152 enzyme activity of PI phosphatase. Interestingly, GH1 GC protein exhibited preference 153 and substrate specificity towards PI4P and PI(4,5)P2 rather than PI3P, PI5P, and 154 PI(3,4)P2 compared with the control, with a higher level of PI4P phosphatase activity 155 in vitro (Fig. 2B) . Moreover, GH1 CB failed to recognize the diverse PI isoforms, 156 especially PI4P and PI(4,5)P2, suggesting that mutation of GH1 CB disabled its 157 phosphatase activity (Fig. 2B) . Furthermore, to test whether GH1 binds to 158 phospholipids directly, the fusion proteins were purified and subjected to a 159 protein-lipid overlay assay on which 15 different lipids were spotted (Fig. 2C) . The 160 results showed that the fusion protein GH1 GC can strongly bind to PI4P and PI(4,5)P2, 161 and show weak binding to PI(3,4,5)P3; however, the mutated GH1 CB hardly binds to 162 the phospholipids (Fig. 2D ). These results also coincide with the previous suggestion 163 that the conserved catalytic site of the SAC domain consisting of a peptide motif with 164 a CX5R sequence at the C-terminal plays an essential role in phosphate hydrolysis in 165 yeast (Manford et al., 2010) . Overall, these findings suggest that the SAC phosphatase 166 GH1 specifically dephosphorylates and hydrolyzes PI4P and PI(4,5)P2.
168
To further investigate the effect of GH1 on PI4P and PI(4,5)P2 metabolism in rice, 169 endogenous levels of PI4P and PI(4,5)P2 were determined using enzyme-linked 170 immune sorbent assay (ELISA) with different plant leaves. Both PI4P and PI(4,5)P2 171 levels were markedly higher in NIL-GH1 CB than NIL-GH1 GC (Fig. 2E ), suggesting 172 that loss-of-function of GH1 results in massive accumulation of these PI isoforms in 173 rice. Consistent with this, GH1 knockout line GH1 cas9 also showed a significant 174 increase in endogenous PI4P and PI(4,5)P2 compared with the wild-type ( Fig. 2F PI4P and PI(4,5)P2 levels (Supplemental Fig. S4, I and J) . These findings suggest that GH1 specifically acts as a PI4P and PI(4,5)P2 phosphatase, maintaining degradation 178 and homeostasis of PI4P and PI(4,5)P2, and thereby acting as an essential regulator of 179 membrane PI signaling-networks in rice. Membrane lipids can be transferred between 180 bilayers at contact sites between the endoplasmic reticulum (ER) and other 181 membranes to maintain homeostasis (Stefan et al., 2013; Holthuis and Menon, 2014; 182 Chung et al., 2015) . In previous reports, counter transport and exchange of PI4P and 183 phosphatidylserine (PS) between the ER and plasma membrane (PM) enabled 184 delivery of PI4P to the ER during degradation and synthetic PS from the ER to the 185 PM, controlling PI4P levels and selectively enriching PS in the PM (Stefan et al., 186 2011; Chung et al., 2015) . In both yeast and mammalian cells, the PI4P phosphatase 187 Sac1 is localized in the ER and Golgi apparatus where it acts as an integral membrane 188 protein, and PI4P is hydrolyzed by the ER protein Sac1 (Stefan et al., 2011; Mesmin 189 et al., 2013) . These finding suggest that GH1 also might function as an ER protein in 190 rice, with two tandem transmembrane domains in its C-terminal (Supplemental Fig. 191 S6). Subcellular localization of GH1 in rice protoplasts was therefore examined using 192 fluorescence signals from green fluorescent protein (GH1-GFP) fusion protein.
193
Signals coincided with those of the ER-marker protein (Nelson et al., 2007), 194 suggesting that the SAC phosphatase GH1 degrades PI4P and PI(4,5)P2 within the ER NIL-GH1 CB using X-ray microscopy to determine the cellular basis for the short stem.
202
Observations revealed that the average cell length of the culm was significantly 203 smaller in NIL-GH1 CB than NIL-GH1 GC , whereas the cell width was comparable ( Fig.   204 3, A and B). These findings suggest that GH1 contributes to cell morphogenesis in 205 rice, with deletion suppressing cell elongation. It has been suggested that SAC 206 domain-containing proteins influence organization of the actin cytoskeleton in yeast 207 and plant cells (Foti et al., 2001; Zhong et al., 2005) . To explore whether GH1 is also 208 associated with actin cytoskeleton modulation in rice, the organization of actin 209 filaments in the root tip cells was also examined. Root tip cells from parent GC and 210 NIL-GH1 GC plants formed a structured actin filaments cable network, while in CB 211 and NIL-GH1 CB , the actin filaments appeared to have lost their organized structure 212 ( Fig. 3C ), suggesting that GH1 is responsible for fine organization of the actin 213 cytoskeleton. Actin filament orientation in all directions (360°) was therefore 214 examined using visual statistical analysis, revealing a specific direction in GC and 215 NIL-GH1 GC . Meanwhile, in CB and NIL-GH1 CB , the actin cytoskeleton displayed 216 disordered distribution without definite orientation ( Fig. 3D ). These findings imply 217 that homeostasis of membrane PI4P and PI(4,5)P2 under GH1 control could be 218 required for actin cytoskeleton organization in rice.
220
A previous study revealed that lipid phosphatase, in regulating PI homeostasis, plays 221 an essential role in Golgi membrane organization in mammals (Liu et al., 2008) .
222
However, whether SAC phosphatases play a similar biological role in plants remains 223 unknown. Golgi morphology in rice leaf cells was therefore examined by transmission 224 electron microscopy. Intact multilayered Golgi apparatus were observed in the GC 225 and NIL-GH1 GC cells; however, in CB and NIL-GH1 CB , they were impaired with 226 concomitant collapse and a vesicle-like structures (Fig. 3E ). These findings therefore 227 suggest a potential role of GH1 in Golgi development and vesicle trafficking in plants. 228 Moreover, they also suggest that elevated PI4P and PI(4,5)P2 levels could disrupt the 229 structural integrity and function of Golgi apparatus.
231
Chloroplast morphology in the leaf cells was subsequently examined, revealing a 232 dramatic reduction in thylakoid layers and the number of grana in CB and NIL-GH1 CB 233 compared with GC and NIL-GH1 GC (Fig. 3F ). These findings suggest that increased 234 levels of membrane PI4P and PI(4,5)P2 could also disrupt thylakoid formation and 235 grana assembly during chloroplast development in rice. Interestingly, this result 236 coincides with reported evidence whereby inhibition of PI4P synthesis accelerates 237 chloroplast division, supporting the idea that PI4P negatively regulates chloroplast 238 division in Arabidopsis (Okazaki et al., 2015) . Taken together, these findings suggest 239 that the massive accumulation of membrane PI4P and PI(4,5)P2 resulting from 240 terminated GH1 production could disturb organelle development and cytoarchitecture. (Fig. 5, A and B) . that the GH1 phosphatase is preferential to bind to and hydrolyze PI4P and PI(4,5)P2 315 (Fig. 2, B-D ), suggesting that GH1 specifically regulates metabolism of membrane 316 PI4P and PI(4,5)P2, thereby maintaining PI abundance in rice. 
324
This supports the suggestion that flexible turnover of PIs is an important requirement 325 for normal cell morphology. Low abundance and rapid turnover of these lipids 326 provides a sensitive mechanism for fine-tuning protein targeting and function (Boss 327 and Im, 2012). In plants, although activators of the Arp2/3 complex have been 328 somewhat revealed, the determinate counterparts of the Arp2/3 complex remain 329 largely unknown (Frank et al., 2004; Harries et al., 2005; Zhang et al., 2008) . 330 Nevertheless, the rice functional WAVE/SCAR protein TUT1 was found to promote 331 actin nucleation and polymerization and contribute to rice development, in which the 332 tut1 mutants showed defects in the arrangement of actin filaments, and had short roots 333 and degenerated small panicles with reduced plant height (Bai et al., 2015) . This study 334 implied that the WAVE/SCAR protein TUT1-activated Arp2/3 complex could control 335 rice plant and panicle development via actin organization in rice, which coincides 336 with the action of GH1 for rice morphogenesis. In the study, we supposed that Table S1 . BSA-assisted mapping of GH1 was performed as described 374 previously (Takagi et al., 2013) . The gene editing construct of GH1 for CRISPR/Cas9 was designed as previously Agrobacterium tumefaciens-mediated transformation of rice with strain EHA105 was 382 then performed as described previously (Hiei et al., 1994) . All constructs were 383 confirmed by sequencing. The PCR primers are given in Table S1 .
384

RNA extraction and qRT-PCR
386
Total RNA was extracted from different leaves using TRIZOL reagent (Invitrogen). for gene amplification are given in Table S1 . 
Subcellular localization of GH1
395
To determine the subcellular localization of GH1, the GH1 fragment was inserted into 396 the pA7-GFP plasmid and transformed into rice protoplasts. Organelle marker 397 CD3-959-mCherry was used as the ER-marker (Ma et al., 2015) . GFP and mCherry 398 fluorescence in rice protoplasts was detected using an LSM 880 confocal 399 laser-scanning microscope (ZEISS). Sequences of the PCR primers used for vector 400 construction are given in Table S1 .
402
Scanning electron microscopy 403 For scanning transmission electron microscopy, leaves from 10-day-old rice seedlings 404 grown on 1/2 MS plates were fixed in situ. Briefly, the leaves were removed and 405 transferred immediately to vials with fresh primary fixative (1% paraformaldehyde, 406 2.5% glutaraldehyde, phosphate buffer pH 7.2) followed by 4 h incubation at room 407 temperature. The samples were then rinsed in phosphate buffer and fixed in 1% 408 osmium tetroxide overnight at 4°C before dehydration in an ascending alcohol series.
409
After fixing, the samples were stepwise infiltrated with epoxy resin then embedded in 410 Epon-812 resin before slicing into thin sections using a diamond knife. The samples 411 were then placed on nickel grids, and double-stained with 2% aqueous uranyl acetate 412 and lead citrate for observation under a HITACHI H-7650 transmission electron 413 microscope. For X-ray imaging, the rice culms were fixed in FAA (50% ethanol, 5% glacial acetic acid, 5% formaldehyde) overnight at 4°C then dehydrated in a graded 415 alcohol series before critical point drying. The prepared samples were then examined 416 using a Xradia 520 Versa X-ray imager (ZEISS).
418
Protein expression and phosphatase activity assay 419 The highly efficient Bac-to-Bac baculovirus expression system (Invitrogen) was used 420 for protein expression in Sf9 insect cells. The coding sequences of GH1 and its 421 mutated version were respectively inserted into the pFastBacHT-C vector. Culturing Table S1 .
431
In vitro lipid binding assay 432 For lipid binding assay in vitro, the PIP strips (Echelon Biosciences) were blocked in 433 a solution of 5% (w/v) fatty acid-free BSA in Tris-buffered saline plus Tween 20 for 1 434 h at room temperature, and then the blocked membrane lipid strips were incubated 435 with 0.05 mg/mL fusion proteins for 3 h with gentle agitation at room temperature.
436
The membrane strips were then washed extensively with wash buffer for 3 times. The In vivo measurements of PI4P and PI(4,5)P2 levels using ELISA 442 The PIs were extracted from rice as described previously (Drobak et al., 2000) , using 443 50 mg fresh leaves for each sample. Measurements of PI4P and PI(4,5)P2 levels in the 444 different samples were then performed using a PI(4)P and PI(4,5)P2 Mass ELISA 445 Assay Kit (Echelon Biosciences) by means of competitive ELISA assay. Based on the 446 assay protocol, the colorimetric signals were read at an absorbance of 450 nm and 447 were inversely proportional to the amount of PI4P and PI(4,5)P2 extracted from the 448 cells.
450
Staining and visualization of actin filaments 451 To visualize the actin cytoskeleton in the rice cells, root tips from five-day-old rice 452 seedlings grown on 1/2 MS plates were immersed in PEM buffer (100 mM PIPES, 10 453 mM EGTA, 5 mM MgSO4, 0.3 M mannitol, pH 6.9) with 2% glycerol.
454
ActinGreen488 Reagent (Thermo Scientific) was added directly to the buffer to stain 455 the actin filaments followed by incubation at room temperature for 35 min. The green 456 fluorescence-labeled actin filaments were then viewed using an LSM 880 confocal 457 laser-scanning microscope (ZEISS). The radar chart based on the MATLAB 458 programming language was used to statistically analyze the direction of the actin 459 filaments (360°).
461
In vitro actin polymerization assay 462 To determine the effects of PI4P and PI(4,5)P2 on Arp2/3 complex-mediated actin 463 nucleating activity in vitro, pyrene-labeled actin assays and monitoring of the 464 branching reaction were performed as described previously (Higgs et al., 1999; Zhang 465 et al., 2010) . The purified Arp2/3 protein complex from porcine brain (Cytoskeleton) 
